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 28 Sustainable High-rises
environmental load (Dobbelsteen, 2012; Dobbelsteen et al., 2007) and they consume 
more energy per square meter than low-rise (office) buildings (Lam et al., 2004).
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§  1.7 Research method























Natural ventilation strategiesQ. 5
Greenery systemsQ. 6Ch. 6(literature review)

















































































































§  1.8 Research outline
The schematic representation of the dissertation outline is presented in Figure 1.2.
1. Introduction
2. Case studies of
high-rise buildings
8. Conclusion
7. Proposed model of 
high-rise building
4. Envelope design strategies
5. Natural ventilation strategies
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Abstract
Tall buildings are being designed and built across a wide range of cities. A poorly 
designed tall building can tremendously increase the building’s appetite for energy. 
Therefore, this paper aims to determine the design strategies that help a high-rise 
office building to be more energy efficient. For this purpose, a comparative study on 
twelve case buildings in three climate groups (temperate, sub-tropical & tropical) was 
performed. The exterior envelope, building form and orientation, service core placement, 
plan layout, and special design elements like atria and sky gardens were the subject of 
investigation. The effectiveness of different design strategies for reducing the cooling, 
heating, ventilation and electric lighting energy were analysed. Finally, lessons from 
these buildings were defined for the three climates. Furthermore, a comparison of 
building energy performance data with international benchmarks confirmed that 
in temperate and sub-tropical climates sustainable design strategies for high-rise 
buildings were performing well, as a result leading to lower energy consumption. 
However, for the tropics the design of high-rise buildings needs higher concern.
Keywords
Design strategies for energy efficient tall buildings, building energy performance, 
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(S)=Simulated; (M)=Metered; the electricity consumption is just for lighting, pumps and fans. 1The EUI for the 
Commerzbank (Goncalves & Bode, 2010) and the Post Tower (S. Reuss 2014, pers. comm. 19 May) were origi-
nally calculated based on the net floor area. To convert the figures from net to gross floor area an efficiency factor 
(net area/gross area) of 61% & 57% is considered respectively for Commerzbank and Post Tower. In addition, 
a very small amount of the cooling load is combined with the electricity usage in the Commerzbank building 
that should be negligible. 2The energy consumption at 30 St Mary Axe (N. Clark 2014, pers. comm. 12 May) is 
based on simulations of two scenarios: a fully air-conditioned design on levels 16-34 and a mixed-mode design 
on levels 2-15. The energy source at EWI building is provided by electricity from the grid, district heating and a 
ground-coupled heat pump system (W. van Rijsbergen 2014, pers. comm. 4 Aug).
Detailed information regarding the weather file, heating degree days (HDD) and cooling degree days (CDD) of 
each case study/city are presented in the table below.
CASE STUDY / CITY COMMERZBANK /
FRANKFURT
30 ST MARY AXE / 
LONDON




Year 2008 IWEC* 2003 2013
HDD 2750 2300 2786 2631
CDD 396 185 269 184
IWEC: International Weather for Energy Calculation (US Department of Energy). *For energy simulations, a dy-
namic method based on hourly values was employed and the energy results were generated from IWEC weather 
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   
Mixed-mode vent    
Greenery system    
Internal zones with 
different temp
   
FIGURE 2.4  A comparative study of design strategies for case buildings in the sub-tropical climate.
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(S)=Simulated; (M)=Metered; the electricity consumption is just for lighting, pumps and fans. 1The energy con-
sumption of the Liberty Tower (Kato & Chikamoto, 2002) is converted from primary energy to delivered energy 
with an average efficiency factor around 45.4% for power plants in Japan. The conversion was calculated based 
on the average energy efficiency of power plants for electricity generation from local primary energy sources for 
the same year the Liberty tower’s energy consumption was measured. 21 Bligh Street (Yudelson & Meyer, 2013) 
building use a tri-generation system for combined cooling, heating and electricity generation. The projected en-
ergy sources are gas and electricity. However, it is not clear how much is used to generate heat or lighting. 3Torre 
Cube (Wood & Salib, 2013b) does not rely on an air-conditioning system for cooling, heating or ventilation. 
Therefore, the thermal energy consumption is zero in this building. The electricity consumption for lighting and 
equipment has not been published for this building. Therefore, the predicted consumption is presented with a 
dashed line. 4The energy consumption data for the Empire State (Johnson Controls, 2013) is the total metered 
energy use before and after the retrofitting program.
Detailed information regarding the weather file, heating degree days (HDD) and cooling degree days (CDD) of 
each case study/city are presented in the table below.
CASE STUDY / 
CITY
LIBERTY TOWER / 
TOKYO
1 BLIGH STREET / 
SYDNEY
TORRE CUBE / 
GUADALAJARA
EMPIRE STATE / 
NEW YORK
Year 2000 IWEC* IWEC* 2007 2012
HDD 1417 580 534 2355 2286
CDD 1003 1000 1361 828 954
IWEC: International Weather for Energy Calculation (US Department of Energy). *For energy simulations, a dy-
namic method based on hourly values was employed and the energy results were generated from IWEC weather 























































































































































































Plan layout Open plan Open plan Open plan Mixed















   
Mixed-mode vent    
Greenery system GB  SG 
Internal zones with 
different temp
   
FIGURE 2.6  A comparative study of design strategies for case buildings in the tropical climate.
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(S)=Simulated; (M)=Metered; the electricity consumption is the total usage for lighting, pumps and fans. 1The 
yearly electricity consumption for the Mesiniaga Tower (Jahnkassim, 2004), the UMNO Tower (Jahnkassim, 2004) 
and the OFC (Keppel Land, 2011) are simulated energy - all the three cases were employed a dynamic method 
based on hourly values - but for the KOMTAR Tower (Ismail, 2007) is metered energy. 
Detailed information regarding the weather file, heating degree days (HDD) and cooling degree days (CDD) of 
each case study/city are presented in the table below.








Year IWEC* IWEC* IWEC* 2004
HDD 0 0 0 0
CDD 3730 3690 3730 3727
IWEC: International Weather for Energy Calculation (US Department of Energy). *For energy simulations, a dy-
namic method based on hourly values was employed and the energy results were generated from IWEC weather 

























































































































 70 Sustainable High-rises






























































 72 Sustainable High-rises








































(S)=Simulated; (M)=Metered; the electricity consumption is the total usage for lighting, pumps and fans. The electricity consumption 
for lighting pumps and fans has not been published for the Torre Cube. Therefore, the predicted consumption is presented with a 
dashed line. Energy benchmarks vary with country and source. German benchmarks use net area while UK benchmarks use gross 
area. In this graph, German energy benchmarks are normalized from net area to gross area with an average space efficiency factor 
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FIGURE 2.9  A comparison of mean monthly outdoor air temperature with comfort temperatures based on adaptive versus PMV 
models, respectively for buildings with natural ventilation and air-conditioning systems.
*In Germany, where building codes dictate shallow floor slabs of 8.0 m, efficiencies of 60-70% are common (Sev & Ozgen, 2009). Therefore to convert the energy standards from net floor area to gross floor area the average amount of 
65% is considered as an efficiency factor. 




































































a) Total energy use
Heating degree days (HDD)
Cooling degree days (CDD)
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24 4 10 4 4920 626.6 53% 76%
London
(Mary Axe)
22 8 11 3.6 4945 742 66% 81%
Bonn
(Post Tower)
17.4 3 9.6 3.1 4679 713 72% 83%
Delft
(EWI)
20.3 7 10 5.4 4642 821 79% 88%
Sydney
(1 Bligh Street)
26 17 18 3.8 6319 2465 66% 62%
Guadalajara
(Torre Cube)
32 25 20 4.8 5654 3885 52% 60%
Tokyo
(Liberty Tower)
29 11 16.1 1.9 4448 2586 72% 50%
New York
(Empire State)
26 4 12 5 5258 1439 69% 63%
Kuala Lumpur
(Mesiniaga)
32 31 28 1 4522 4069 80% 83%
Penang
(UMNO) (KOMTAR)
32 29.6 27 1.3 5362 4399 81% 82%
Singapore
(OFC)
32 29.5 27.5 1.6 4921 4296 85% 82%
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Abstract:
Decisions made at early stages of the design are of the utmost importance for the 
energy-efficiency of buildings. Wrong decisions and design failures related to a 
building’s general layout, shape, façade transparency or orientation can increase 
the operational energy tremendously. These failures can be avoided in advance 
through simple changes in the design. Using extensive parametric energy simulations 
by DesignBuilder, this paper investigates the impact of geometric factors for the 
energy-efficiency of high-rise office buildings in three climates contexts: Amsterdam 
(Temperate), Sydney (Sub-tropical) and Singapore (Tropical). The investigation is carried 
out on 12 plan shapes, 7 plan depths, 4 building orientations and discrete values 
for window-to-wall ratio. Among selected options, each sub-section determines the 
most efficient solution for different design measures and climates. The optimal design 
solution is the one that minimizes, on an annual basis, the sum of the energy use for 
heating, cooling, electric lighting and fans. The results indicate that, the general building 
design is an important issue to consider for high-rise buildings: they can influence 
the energy use up to 32%. For most of the geometric factors, the greatest difference 
between the optimal and the worst solution occurs in the sub-tropical climate, while 
the tropical climate is the one that shows the smallest difference. In case of the plan 
depth, special attention should be paid in a temperate climate, as the total energy use 
can increase more than other climates. Regarding energy performance, the following 
building geometry factors have the highest to lowest influence: building orientation, 






Energy-efficiency, geometric factors, early-stage design, high-rise office building, plan 
shape, orientation, window-to-wall ratio, compactness, energy modelling.


























































































































































Plan shape (12 forms)
Plan aspect ratio (1:1, 2:1, 3:1, 4:1, 5:1, 8:1 and 10:1)
Building orientation (0º, 45º, 90º and 135º)
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Shading control type Glare
Maximum allowable glare index 22
BUILDING OPERATION DETAILS
HVAC system type Dual duct VAV
Heating Gas-fired condensing boiler
Heating set point temperature* 20 °C
Cooling DOE-2 centrifugal/5.50COP
Cooling set point temperature* 24 °C
Fan Power 2 W/l-s
Fan total efficiency 70%
Fresh air supply rate 10 l/s-person
Infiltration 0.5 ac/h
Lighting target illuminance 400 lux
Type of lighting Fluorescent
General lighting power density 3.4 W/m2-100 lux
Office equipment gain 11.77 W/m2
Occupancy density 0.11 people/m2
Occupancy schedule Weekdays: 7:00 – 19:00; weekends: closed
1- Glazing type A is selected for temperate climates. 2- Glazing type B is selected for sub-tropical and tropical cli-
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BUILDING PARAMETER CLIMATE VALUES MAX. VARIATION kW h/m2 - (%)R
Glazing type Temperate A *, max, D min 4.1 - (4%)
Sub-tropical A max, B *, min, D 12.6 - (17%)
Tropical A, B *, min, C max, D 21.8 - (16%)
Shading system Temperate E min, F max, G * 11.3 - (13%)
Sub-tropical E, F max, G *, H min 6.7 - (9%)
Tropical E, F max, G *, H min 18.1 - (15%)
GLAZING DESCRIPTION U-VALUE SHGC 1 TSOL 2 TVIS 3
Type A. Dbl LoE (e2=.1) Clr 6mm/13mm Arg 1.50 0.57 0.47 0.74
Type B. Dbl LoE Spec Sel Clr 6mm/13mm Arg 1.34 0.42 0.34 0.68
Type C. Dbl Ref-A-H Clr 6mm/13mm Arg 2.26 0.22 0.13 0.18
Type D. Trp LoE (e2=e5=.1) Clr 3mm/13mm Arg 0.79 0.47 0.36 0.66







* The selected glazing type or shading system.
min= The design alternative that resulted in minimum energy use.
max= The design alternative that resulted in maximum energy use.
R= The maximum variation in relative terms.
1 SHGC= solar heat gain coefficient.
2 TSOL= direct solar transmission.
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CITY CLIMATE TYPE HDD CDD
Amsterdam1 Temperate 2759 149
Sydney2 Sub-tropical 594 896
Singapore3 Tropical 0 3657
1-Amsterdam Schiphol Airport, Netherlands (4.77E, 52.30N).
2-Sydney Airport, Australia (151.17E, 33.95S).
































































Outside Dry-Bulb Temperature Direct normal solar radiation









































Outside Dry-Bulb Temperature Direct normal solar radiation













































Outside Dry-Bulb Temperature Direct normal solar radiation
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PLAN SHAPE Shape 1 Shape 2 Shape 3 Shape 4 Shape 5 Shape 6
Share of each 





















100% 103% 107% 113% 128% 130%
Plan depth 
indicator 
47% 48% 52% 52% 58% 62%
PLAN SHAPE Shape 7 Shape 8 Shape 9 Shape 10 Shape 11 Shape 12
Share of each 






































157% 175% 175% 176% 176% 178%
Plan depth 
indicator
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Shape 1 15.1 22.5 17.9 27.3 82.8 1.4%
Shape 2 15.2 22.6 17.1 27.4 82.3 0.9%
Shape 3 ® 14.9 22.5 17.2 27.0 81.6 ---
Shape 4 15.2 23.5 17.5 28.7 84.9 4.0%
Shape 5 15.6 24.3 16.4 29.7 86.1 5.4%
Shape 6 15.5 24.2 15.8 29.4 84.9 4.0%
Shape 7 18.5 24.1 14.6 30.5 87.6 7.3%
Shape 8 19.2 24.4 15.6 31.2 90.4 10.7%
Shape 9 19.7 24.6 13.9 31.4 89.6 9.7%
Shape 10 19.5 24.3 14.6 31.0 89.4 9.5%
Shape 11 18.5 25.8 14.0 32.6 90.8 11.2%
Shape 12 18.9 26.0 14.4 32.9 92.1 12.8%
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Shape 1 0.4 33.5 13.6 27.6 75.2 4.5%
Shape 2 0.4 33.6 12.8 27.7 74.6 3.7%
Shape 3 ® 0.3 32.3 12.7 26.5 72.0 ---
Shape 4 0.4 34.2 12.6 28.4 75.7 5.1%
Shape 5 0.4 35.8 13.5 30.1 79.8 10.9%
Shape 6 0.3 32.8 11.7 28.0 72.8 1.2%
Shape 7 0.5 36.0 11.8 30.1 78.4 9.0%
Shape 8 0.5 36.3 11.3 30.5 78.5 9.1%
Shape 9 0.6 36.9 11.4 31.1 80.0 11.1%
Shape 10 0.5 37.1 10.7 31.3 79.6 10.5%
Shape 11 0.4 35.9 10.6 30.2 77.0 7.0%












































































Shape 1 0.0 75.4 11.7 28.4 115.5 0.5%
Shape 2 ® 0.0 75.5 10.8 28.6 114.9 ---
Shape 3 0.0 75.5 11.3 28.4 115.3 0.4%
Shape 4 0.0 76.7 11.3 29.5 117.6 2.4%
Shape 5 0.0 79.0 10.4 31.6 121.0 5.4%
Shape 6 0.0 77.8 10.2 30.3 118.3 3.0%
Shape 7 0.0 79.0 10.6 31.4 121.0 5.4%
Shape 8 0.0 80.1 9.7 32.3 122.1 6.3%
Shape 9 0.0 79.6 8.7 31.9 120.2 4.7%
Shape 10 0.0 81.0 9.2 33.2 123.3 7.4%
Shape 11 0.0 80.5 8.7 32.2 121.4 5.7%



























































































1:1 2:1 3:1 4:1 5:1 8:1 10:1
Building  
shape
Share of each 
façade from 
the total 





















100% 120% 130% 140% 150% 180% 197%
Plan depth 
indicator

















































































































































CLIMATE TYPE /  
PLAN ASPECT RATIO
Temperate Sub-tropical Tropical
1:1 5:1 1:1 5:1 1:1 5:1
Recommended 
WWR value (%)
North 10-90 10-70 10-15 15-40 10-50 10-35
East 35-60 No glazing 10-20 No glazing 10-20 No glazing
South 65-75 25-35 10-70 10-40 10-80 10-55
















































































































































 118 Sustainable High-rises
TEMPERATE SUB-TROPICAL TROPICAL
Plan shape A B C D A B C D A B C D
<1% Ellipse + + Ellipse + + Octagon + +
Octagon + + Ellipse + +
Circle + +
1-5% Circle + + Rectangle + Square + +
Square + + Octagon + + Rectangle +
Rectangle + Circle + + + shape +
5-10% Triangle Square + + Triangle
Atrium + Z shape + Courtyard +
U shape + Courtyard + Z shape +
+ shape + H shape + H shape +
U shape +
>10% H shape + U shape + Y shape +
Z shape + Triangle
Y shape + + shape +
Y shape +
MD (%) 12.8 15.7 11.0
Plan aspect ratio
<1% 1:1, 2:1, 3:1 3:1, 4:1 1:1, 2:1, 3:1
1-5% 4:1, 5:1 1:1, 2:1, 5:1, 8:1 4:1, 5:1
5-10% 8:1 10:1 8:1, 10:1
>10% 10:1 --- ---
MD (%) 12.4 6.0 8.8
Plan orientation 1:1 3:1 5:1 10:1 1:1 3:1 5:1 10:1 1:1 3:1 5:1 10:1

















--- --- --- --- --- 135°
90°








--- --- --- ---





WWR (%):  
deep plan (1:1)
N E S W N E S W N E S W
<1% 10-90 35-60 65-75 10-15 10-15 10-20 10-70 10-20 10-50 10-20 10-80 10-20




15-90 15-50 20-90 70-90 20-90 50-90 20-90 80-90 20-90
5-10% --- --- --- --- 50-80 --- --- --- --- --- --- ---
>10% --- --- --- --- 80-90 --- --- --- --- --- --- ---
MD (%) 0.5 2.8 1.8 4.5 11.3 2.9 1.1 3.1 2.9 3.3 1.1 3.0
WWR (%):  
narrow plan (5:1)
N E S W N E S W N E S W
<1% 10-70 --- 25-35 --- 15-40 --- 10-40 --- 10-35 --- 10-55 ---




--- 40-90 --- 35-70 --- 55-90 ---
5-10% --- --- 55-85 --- 75-90 --- --- --- 70-90 --- --- ---
>10% --- --- 85-90 --- --- --- --- --- --- --- --- ---
MD (%) 3.0 --- 10.3 --- 6.8 --- 5.2 --- 8.6 --- 3.2 ---
Energy efficiency of design options:
  <1% (remarkable energy saving)
  1-5% (average energy saving)
  5-10% (low energy saving)
  >10% (not recommended)
A: High space efficiency
B: Aerodynamic form
C: Narrow plan (NV & daylight access)
D: Less material use for external envelope































1:1 15.2 23.5 17.5 28.7 84.9 0.8%
2:1 ® 15.3 23.6 16.7 28.6 84.2 ---
3:1 15.5 24.2 15.8 29.4 84.9 0.8%
4:1 15.6 24.9 15.0 30.4 85.9 2.1%
5:1 15.9 25.8 14.4 31.4 87.5 3.9%
8:1 16.7 27.8 13.0 34.3 91.8 9.0%
10:1 17.2 29.0 12.4 36.0 94.7 12.4%
SYDNEY
1:1 0.4 34.2 12.6 28.4 75.7 4.0%
2:1 0.3 33.3 12.3 27.6 73.5 1.0%
3:1 ® 0.3 32.8 11.7 28.0 72.8 ---
4:1 0.2 33.5 11.3 28.0 73.0 0.3%
5:1 0.2 34.0 10.9 28.5 73.6 1.1%
8:1 0.2 35.3 10.2 30.0 75.7 4.0%
10:1 0.2 36.1 10.0 30.9 77.2 6.0%
SINGAPORE
1:1 0.0 76.5 11.3 29.5 117.6 0.3%
2:1 ® 0.0 76.7 10.8 29.7 117.2 ---
3:1 0.0 77.8 10.2 30.3 118.3 0.9%
4:1 0.0 78.7 9.5 31.2 119.4 1.9%
5:1 0.0 79.7 9.0 32.1 120.8 3.0%
8:1 0.0 82.6 8.1 34.3 125.0 6.6%
10:1 0.0 84.2 7.7 35.7 127.5 8.8%











































































































































































































































































































































































The building envelope is the interface between the interior of the building and the 
outdoor environment. A building’s energy consumption to a large extent depends on 
certain envelope design elements. As a consequence, for achieving high levels of energy-
saving in buildings, design measures with high impact should be firstly defined and then 
optimised. This paper aims at finding energy-saving solutions for the envelope design 
of high-rise office buildings in temperate climates. For this purpose, an existing tall 
office building is selected as a typical high-rise design in the Netherlands and the energy 
use prior and after refurbishment is compared through computer simulations with 
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simulations showed which building envelope parameters have a significant impact on 
the building’s energy consumption; hence need more consideration for improvement. 
The four measures selected for uplifting the energy performance of the building 
envelope include glazing type, window-to-wall ratio, sun shading and roof strategies. 
By taking the base case as a reference and optimising one parameter at each step, 
this study resulted in a high-performance envelope design that offers a considerable 
energy-saving by around 42% for total energy use, 64% for heating and 34% for electric 
lighting.
Keywords
Envelope design strategies, energy efficiency, high-rise office building, energy 
simulation, sensitivity analysis.










Glazing WWR Shading Roof
Validation
Best sol. Best sol. Best sol. 
Insulation / Air infiltration /  Operation schedule
Sensitivity analysis
FIGURE 4.1  Methodological scheme of research.





















































































































BUILDING PARAMETER UNIT VALUES MAX. OUTPUT VARIATION (KWH/M2)
Infiltration ac/h 0.7, 1.5, 2* 44.22
External wall insulation W/m2K 0.25a, 0.37b, 2.22c* 1.87
Roof insulation W/m2K 0.15a, 0.37b, 1.91c* 3.16
Heating set point temperature °C 20, 21*, 22 0.33
Cooling set point temperature °C 23, 24*, 25 0.18
External vents operation schedule --- summer cooling*, off 0.18
Occupancy density people/m2 0.11, 0.16* 2.74
Occupancy schedule --- weekends (open*, close) 0.04
Minimum outside fresh air l/s- person 4, 8*, 10 0.39
Mechanical ventilation per area l/s- m2 0.6, 1*, 1.6 0.45
Mechanical ventilation schedule --- weekends (open*, close) 1.52
Miscellaneous equipment W/m2 0, 5* 0.14
Glazing type (outer pane) --- clear, tinted* 15.6
Shading --- no shading, indoor blinds* 1.16
* The base case settings of the reference model that led to the validated model; a best practice building; b recommended U-value by 
EURIMA (2007) for the Netherlands; c reference building (uninsulated).
TABLE 4.2  Sensitivity analysis of building parameters. 

































































































Type A 4192952 216.7 4.0% 500114 25.8 -58.0% 428658 22.1 35.9%
Type B 4940923 255.4 -11.5% 384194 19.8 -45.4% 562911 29.1 15.9%
Type C 3995955 206.5 8.5% 447214 23.1 -53.1% 438709 22.7 34.4%
Type D 3994633 206.5 8.6% 302640 15.6 -30.7% 497627 25.7 25.6%
Type E® 4062323 225.9 ---- 195051 10.8 ---- 622062 34.6 ----
Type F 3781715 210.3 6.9% 324183 18.0 -39.8% 565565 31.4 9.0%
Type G 3578574 199.0 11.9% 254995 14.2 -23.5% 569612 31.7 8.4%
Type H 3651551 203.0 10.1% 261262 14.5 -25.3% 572911 31.8 7.9%





























































































30% 4040547 224.6 0.5% 154228 8.6 20.9% 658280 36.6 -5.5%
50% 4043043 224.8 0.5% 165214 9.2 15.3% 646698 35.9 -3.8%
80% 4057811 225.6 0.5% 182546 10.1 6.4% 630553 35.0 -1.3%
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S.1 4041478 224.7 0.5% 210467 11.7 -7.3% 448354 24.9 27.9%
S.2 4092286 227.5 -0.7% 179003 9.9 8.2% 589073 32.7 5.3%
S.3 4122161 229.2 -1.4% 171848 9.5 11.9% 594102 33.0 4.5%
S.4 4174134 232.1 -2.7% 154634 8.6 20.7% 610293 33.9 1.9%
S.5 ® 4062323 225.9 ---- 195051 10.8 ---- 622062 34.6 ----
S.6 4176592 232.2 -2.7% 134027 7.4 31.3% 555235 30.9 10.7%
S.7 4079531 226.8 -0.4% 188654 10.5 3.3% 634727 35.3 -0.2%
S.8 4124334 229.3 -1.5% 172986 9.6 11.3% 516679 28.7 16.9%
S.9 4153924 230.9 -2.2% 160103 8.9 17.9% 533717 29.7 14.2%
S.1 Without shading; S.2 Overhang (1m); S.3 Overhang+side fins (1m); S.4 Louver+overhang+side fins (1m); S.5 Reference: Blind 
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1 4069714 226.3 1.0% 194115 10.8 1.6% 622568 34.6 0.0%
2 3970393 220.7 3.4% 196226 10.9 0.5% 622568 34.6 0.0%
3 3972018 220.8 3.4% 196537 10.9 0.4% 622568 34.6 0.0%
4 ® 4110193 228.5 ---- 197376 11.0 ---- 622568 34.6 ----
1. Green roof (uninsulated roof); 2. Green roof (well-insulated roof); 3. Well-insulated roof ; 4. Reference (no insulation).
TABLE 4.7  Simulation results obtained for roof strategies.
FIGURE 4.12  The effect of roof strategies on the percentage of total energy-saving.
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§  4.6 Tropical climate: KOMTAR building
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FIGURE 4.14  A typical office floor plan and the orientation of the building along the sun path for George Town.




































































































Relative humidity (Min. and Max.)
Direct normal solar radiation
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BUILDING PARAMETER Unit Values Max. output variation (kWh/m2)
Infiltration rate ac/h 0.7, 1*, 1.5 32.00
External wall insulation, U-value W/m2K 0.25a, 0.35b, 2.05c, * 1.08
Roof insulation, U-value W/m2K 0.25a, 0.37b, 2.13c, * 0.13
Cooling set point temperature °C 24, 24.5*, 25 17.59
Occupancy density people/m2 0.05, 0.07, 0.1* 37.29
Occupancy schedule --- weekends (open, close*) 26.27
Minimum outside fresh air l/s- person 6, 8, 10* 22.7
Office equipment gain W/m2 8, 10*, 12 18.88
Glazing type --- clear*, reflective, tinted 6.37
Exterior wall’s solar absorptance --- 0.3 (Aluminium coating), 0.6 
(concrete)*
0.20
Shading --- no shading, indoor blinds* 71.29
Lighting target illuminance lux 400*, 500 18.38
* The base case settings of the reference model that led to the validated model; a best practice building; b energy code standard; c 
reference building (uninsulated).
TABLE 4.10  Sensitivity analysis of building parameters. 
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§  4.7.1 Shading
S.1, S.2, S.3 & S.4  
Blinds (slat angle: 5˚)
S.5 









Overhang 100 cm S.10  
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SHADING 
TYPE





























S.1® 40,842,834 250.9 - 7,407,673 45.5 - 52,109,711 320.2
S.2 36,795,998 226.1 9.9% 6,962,667 42.8 6.0% 47,617,354 292.6
S.3 36,917,295 226.8 9.6% 2,913,120 17.9 60.7% 43,688,170 268.4
S.4 34,422,335 211.5 15.7% 2,733,509 16.8 63.1% 41,013,915 252.0
S.5 39,478,931 242.5 3.3% 5,687,472 34.9 23.2% 49,025,285 301.2
S.6 34,725,179 213.3 15.0% 1,922,753 11.8 74.0% 40,506,084 248.9
S.7 34,708,933 231.7 7.7% 4,053,337 27.1 40.5% 39,221,406 261.9
S.8 34,141,446 209.8 16.4% 1,930,704 11.9 73.9% 39,929,890 245.3
S.9 33,665,015 206.8 17.6% 1,952,780 12.0 73.6% 39,475,771 242.5
S.10 32,871,227 202.0 19.5% 2,200,138 13.5 70.3% 38,930,503 239.2





S.1. Blind (low reflectivity slat) Office hours a Internal 2.5 5 5°
S.2. Blind (high reflectivity slat) Office hours a Internal 2.5 5 5°
S.3. Blind (low reflectivity slat) Sun path b Internal 2.5 5 5°
S.4. Blind (high reflectivity slat) Sun path b Internal 2.5 5 5°
S.5. Blind (low reflectivity slat) Office hours a Internal 2.5 5 45°
S.6. Without shading - - - - -
S.7. Electrochromic reflective 6mm Solar 120 W/
m²
Internal 2.5 5 5°
S.8. Overhang Fixed External 50 0 0°
S.9. Overhang Fixed External 100 0 0°






CONTROL TYPE SHADING DEVICE ORIENTATION OPERATION SCHEDULE
Days Hours
a Office hours All orientations 1 Jan – 30 Dec 8:00– 17:00
b Sun path North (315-45°) 21 Mar – 21 Sep 8:00– 17:00
East (45-135°) 1 Jan – 30 Dec 8:00– 12:00
South (135-225°) 1 Jan – 21 Mar and 21 Sep – 30 Dec 8:00– 17:00
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Type A® 34,725,179 213.3 ---- 1,922,753 11.8 ---- 40,506,084 248.9
Type B 33,701,197 207.1 2.9% 2,016,902 12.4 −4.9% 39,576,687 243.2
Type C 33,023,210 202.9 4.9% 2,073,412 12.7 −7.8% 38,954,918 239.3
Type D 33,377,269 205.1 3.9% 2,106,387 12.9 −9.6% 39,342,303 241.7
Type E 34,452,248 211.7 0.8% 4,853,625 29.8 −152.4% 43,164,061 265.2
Type F 31,949,926 213.3 0.0% 3,865,658 25.8 −118.5% 39,327,754 262.6
Glazing description U-Value (W/
m2 K)
SHGC Light  
transmission 
coefficient
Type A. [Sgl Clr 6mm] 5.78 0.82 0.88
Type B. [Dbl LoE (e2=0.1) Clr 6mm/13mm Arg] 1.49 0.57 0.74
Type C. [Dbl LoE Spec Sel Clr 6mm/13mm Arg] 1.34 0.42 0.68
Type D. [Trp LoE (e2=e5=0.1) Clr 3mm/13mm Arg] 0.78 0.47 0.66























































































































WWR: 20% WWR: 40% WWR: 60%






























































WWR: 20% WWR: 40% WWR: 60%
WWR: 80% SHGC Light transmission
FIGURE 4.25  The effect of different WWRs on the total energy use for 4 different glazing types (X-axis) with the 
use of a high-performance shading strategy (S.10).
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Central® 34,725,179 213.3 - 1,922,753 11.8 - 40,506,084 248.9
Double-sided 32,942,516 202.2 5.2% 2,956,415 18.1 −53.6% 39,794,905 244.3
Single-sided (East) 34,038,502 207.8 2.6% 2,415,862 14.7 −24.8% 40,329,409 246.2
Single-sided (West) 33,637,332 205.3 3.7% 2,282,209 13.9 −17.9% 39,795,396 242.9
TABLE 4.13  Simulation results obtained for service core placement.



















































































Reference Reflective roof Green roof Roof shadingR f rence Reflecti  Gre n ro f Roof shadingRef rence R flective roof Green roof Roof shadingef rence flective roof reen roof oof shading
Outer surface: bitumi-
nous asphalt




U-Value (W/m2 K): 1.45
Solar absorbance: 0.70
Leaf area index (LAI): 5









U-Value (W/m2 K): 2.19
Solar absorbance: 0.30









































Reference* 40,842,834 250.9 - 7,407,673 45.5 - 52,109,711 320.2
Green roof 40,818,574 250.8 0.0% 7,407,673 45.5 0.0% 52,085,296 320.0
Reflective roof 40,790,767 250.6 0.1% 7,407,673 45.5 0.0% 52,057,626 319.8
Roof shading 40,760,792 250.4 0.2% 7,407,673 45.5 0.0% 52,026,700 319.6
* uninsulated dark roof
TABLE 4.14  Simulation results obtained for roof strategies.
TOC
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This paper investigates the potential use of natural ventilation strategies to reduce the 
energy demand for cooling and mechanical ventilation for high-rise buildings in summer. 
A 21-storey office building was selected to represent a mechanically ventilated high-rise 
design in temperate climates. Six natural ventilation scenarios were developed for the 
base design and the CFD package in DesignBuilder was used to predict their flow pattern 
under two summer conditions. Afterwards, the Operative temperature and the total fresh 
air changes per hour were calculated with EnergyPlus and were compared accordingly with 
European comfort standards. The percentage of discomfort hours indicates when a natural 
ventilation system would need active cooling or mechanical ventilation. Natural ventilation 
strategies can provide comfort conditions for up to 90% of the occupancy time in summer 
and therefore can save a significant amount of energy that is generally needed for the 







Natural ventilation, energy efficiency, indoor comfort, high-rise office building, CFD.
§  5.3 Temperate climate: EWI building
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FIGURE 5.1  A typical floor plan of the EWI building and the location of studied rooms.
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External wall insulation 2.22 W/m2-K
Roof insulation 1.91 W/m2-K
Glazing type A 1 DSF: inner pane: [Sgl: Clr 10 mm]; outer pane: [Sgl: Tinted 10 mm]
U-value 1.48 W/m2-K
Light transmission 0.22
Glazing type B 2 DSF: inner pane: [Dbl: Clr 6 mm/6 mm air/6 mm]; outer pane: [Sgl: Clr 10 mm]
U-value 1.09 W/m2-K
Light transmission 0.44








External vents operation Always on





1 Glazing type A is selected for reference design.  
2 Glazing type B is selected for NV#1 and NV#2.  
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Outdoor dry-bulb temperature (°C) Wind speed (m/s) Wind direction (degree)
31 July 22 4.5 225° (SW)









































































































§  5.5 Results and discussion
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FIGURE 5.12  The percentage of hours when active cooling is necessary to provide thermal comfort in office 
rooms for six ventilation strategies in summer (May-September, 2013).

































REFERENCE NV#1 NV#2 NV#3 NV#4 NV#5 NV#6
W2-W9 98% 12% 7% 4% 4% 3% 4%
E2-E12 97% 11% 5% 4% 4% 3% 3%
TABLE 5.4  The percentage of occupancy hours in which active cooling is necessary to provide thermal comfort for office rooms 
located in the western (W2-W9) and eastern (E2-E12) side of the building (May-September, 2013).
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Wind Speed Relative humidity
FIGURE 5.16  The daily values of wind speed and relative humidity at Penang Airport in 2004.
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WEATHER SCENARIO Date / time Outdoor dry-bulb 
temperature (°C)
Wind speed (m/s) Wind direction (degree)
S.1. Typical condition 01 June / 17:00 29.5 1.5 360 (N)
S.2. No wind 20 May / 9:00 29.0 0.0 –––
S.3. High wind 26 November / 12:00 30.0 6.0 225 (SW)
TABLE 5.6  The proposed weather scenarios for CFD simulations.
FIGURE 5.18  Frequency distribution of wind speed and direction at Penang Airport in the year 2004.













(a) Fixed external windows in the reference design 
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(a) Reference: mechanical ventilation (b) NV#1: cross ventilation
Typical floor plans (reference) Typical floor plans (NV#1)
TOC
 237  PART B / TROPICAL CLIMATE 
(c) NV#2: stack ventilation (d) NV#3: stack ventilation
Typical floor plans (NV#2 & NV#3) Atrium extension (NV#2 & NV#3)
TOC




(a) Rooftop extension of the central core in NV#2 & NV#3 (20% operable 
external windows)




§  5.9 Results and discussion


















NV STRATEGY Base floor (2nd) Middle floor (30th) Upper floor (64th) Average value
NV#1 90.4% 99.9% 100% 96.8%
NV#2 99.8% 100% 96.8% 98.9%










































































































WEATHER SCENARIO Tout (°C) Tcomf (°C) Tcomf-upper (°C)
01 June / 17:00 29.5 28.0 30
20 May / 9:00 29 28.0 30






































































































































































































































































































































































































































Scarcity of resources and environmental issues caused by human activities stimulate 
designers and policy makers to search for energy efficient strategies for sustainable 
development. A considerable amount of energy consumption and CO2 emission comes 
from the building sector which today accounts for 40% of the world’s energy use. 
Greenery systems are considered as a promising solution for making buildings more 
energy efficient. However, energy saving is one among multiple benefits that a greenery 
system can offer to a building. The most common places in a building that can be used 
to accommodate vegetation include roof greening, vertical greening, terrace planting 
and sky gardens (indoor and outdoor) especially in the design of high-rises. Therefore, 
the main aim of this paper is to provide a literature review for all different greening 
systems with respect to their energy impact. The role of indoor planting on thermal 
comfort and indoor air quality (IAQ) will also be discussed. Furthermore, the suitability 
of different greenery systems for different climate types is summarized.
Keywords
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FIGURE 6.1  Different ways of integrating greenery systems on buildings.

























§  6.3 Greenery concepts
§  6.3.1 Green roofs





















Extensive green roof Semi-intensive green roof Intensive green roof
Maintenance Low Periodically High





System build-up height 60 - 200 mm 120 - 250 mm 150 - 400 mm on under-
ground garages > 1000 mm
Weight 60 - 150 kg/m2 120 - 200 kg/m2 180 - 500 kg/m2
Costs Low Middle High




























































































































































































































§  6.3.2 Vertical greening
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thickness of an indirect greening system by around 4-6 cm would improve its thermal 
insulation impact on building.






























§  6.3.3 Green balconies














































































































































































 292 Sustainable High-rises
§  6.3.5 Indoor sky gardens (Indoor greening)













































































































































































































































































































➔ The effect should improve; 
➔
 The effect should decrease; 
[+] Higher value or quantity is needed; [−] Lower value or quantity is needed
GR: Green roof, GW: Green wall, GB: Green balcony, SG: Sky garden, ISG: Indoor sky garden
* Horizontal leaves have the most solar shading effect for green roofs
** In winter a dry growing medium has less evapotranspiration, hence reducing the outgoing heat flux
*** A dry growing medium is a better insulator because water has higher thermal conductivity than air
**** This part is based on the effect of nearby shading trees due to a gap of knowledge for green balconies and sky gardens
***** The impact of substrate moisture content is more considerable for a podium garden which is in a direct connection with the 
building envelope and is negligible for green balcony and other forms of sky garden
TABLE 6.4  The impact of greenery concepts on building energy consumption.
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COLD TEMPERATE TROPICAL HOT AND DRY


























































































































































































































































































































































§  7.2 Essential sustainability features for tall office buildings
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Compact
layout
Artificial lighting (electric lighting load)
Fabric loses (heating & cooling loads)
Spread layout
Usable space (of a mechanically-ventilated building)
Fans power usage 
Usable space (of a naturally-ventilated building)
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SHADING STRATEGY Benefits and drawbacks
Manually operated or 
motorized venetian 








integrated in the 








































SHADING STRATEGY Benefits and drawbacks




























with using it on the roof
>>>
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SHADING STRATEGY Benefits and drawbacks
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§  7.3 Design guidelines for tall buildings in a temperate climate
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Double-glazed solar control low-e coating (e2 = 
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Plan shape and 
orientation

































* Except sky gardens that have a single-skin façade 
GR: green roof ; GW: green wall; ISG: indoor sky garden
   compact building form







































































§  7.5 Design guidelines for tall buildings in a tropical climate
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PERCENTAGE OF DEVIATION IN TOTAL ENERGY USE FROM THE OPTIMAL WWR (%)
Window-to-wall 
ratio (WWR)




17.2% 13.3% 5.6% Optimal value
TABLE 7.3  The optimal WWR for spectrally-selective glazing when the windows are distributed evenly among all directions for two 
shading scenarios: no shading, and with the use of a high-performance shading.
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* Not effective in tropical climates due to insignificant day/night 
temperature differences 
GR: green roof ; GW: green wall; SG: sky garden; GB: green balcony
   compact building form
    aerodynamic building form 
TABLE 7.4  The Summary of design features that are integrated with the proposed model of high-rise building in tropical climates.
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8 Conclusion
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Question 1 (chapter 1)
a) What is the best method to quantify the impact of architectural design strategies on 
energy consumption and thermal comfort of high-rise buildings?
b) How can architects benefit from the results of this study for improving the 


























Question 2 (chapter 2)
What are the design differences between typical and sustainable high-rise office 
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Question 3 (chapter 3)






































Question 4 (chapter 4)
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Question 5 (chapter 5)
To what extent do natural ventilation strategies affect energy-efficiency of and thermal 















































Question 6 (chapter 6)
To what extent do greenery systems affect the energy-efficiency, thermal comfort and 






































Question 7 (chapter 7)
What are the essential architectural design features for high-rise office buildings’ 
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TEMPERATE SUB-TROPICAL 1 TROPICAL
Design strategy PD (%) Design strategy PD (%) Design strategy PD (%)
Geometric factors 2
Orientation 15.1% Orientation 32% Plan shape 11%
Plan shape 12.8% Plan shape 15.7% Plan depth 8.8%
Plan depth 12.4% WWR (deep plan) 11.3% WWR (narrow plan) 8.6%
WWR (narrow plan) 10.3% WWR (narrow plan) 6.8% Orientation 7.9%
WWR (deep plan) 4.5% Plan depth 6% WWR (deep plan) 3.3%
Envelope strategies 3
Glazing type 16.1% Shading 25.3%
Shading 9% Glazing type + WWR 14.6%
WWR (DSF)* 0.3% Service core placement 2.4%
Roof shading + reflective external walls 0.2%
Other influential parameters for the refurbishment
Infiltration 29.3% Infiltration 10%
External wall and roof insulation 2.3% External wall and roof insulation 0.3%
PD (%) = Percentile difference. For each of the design strategies mentioned in Table 8.1, different alternatives were simulated and 
the variation was observed. The percentile difference in this table indicates a deviation in the total energy use between the most and 
least efficient alternatives. A large percentile difference points to a dominant effect of a design strategy on energy consumption.
1 In subtropical climates, the investigation was mainly limited to certain design strategies that had a greater impact on energy use, 
in particular geometric factors. For envelope strategies in sub-tropical climates, the parameters that should be addressed in the first 
place are similar to those presented for tropical climates.
2 The results of this section (geometric factors) were obtained from a building model that features a single-skin façade and indoor 
blinds for the purpose of glare control.
3 The results of this section were obtained from a building model that features a narrow plan layout, double-skin façade and blinds 
inside the cavity in the case of temperate climates, while for the case of tropical climates the building had a deep open plan layout, 
a single-skin façade and indoor blinds with low reflectivity slats. More information on the construction details of the investigated 
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